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Glycolaldehyde, produced from cracking of glucose, was tested as a 
substitute for formaldehyde in urea-based wood adhesives. Initially, 
different parameters (water content, aldehyde/urea-ratio, curing 
temperature, and time) were screened to identify the optimal curing 
conditions providing the highest bond strength. Afterwards, the system 
was reformulated as a 2-component system and compared to a urea-
formaldehyde 2-component system, which showed a comparatively low 
strength of the resulting resin. Different hardeners were tested, and AlCl3 
showed an 80% increase in bond strength for the resin compared to 
NH4Cl. Infrared and nuclear magnetic resonance analyses were 
performed to ensure formation of the desired aminal bond network, which 
showed that the hardener was essential for proper curing of the resin. 
Finally, a urea-glycolaldehyde-formaldehyde resin was tested that further 
indicated major differences between the reactivity of formaldehyde and 
glycolaldehyde. 
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INTRODUCTION 

 

Bio-based chemicals are potential key pieces in realizing the green transition to a 

low carbon economy through substitution of petrochemicals. They are a group of chemicals 

accessible through the chemical deconstruction of biomass that has received increased 

interest over the last decade. Recent academic and industrial focus has been identifying 

possible places in the chemical infrastructure where substitution of petrochemicals with 

bio-based chemicals may be beneficial (Schrittwieser et al. 2018; Dai et al. 2020; Xu et al. 

2022). 
In contrast to petrochemicals, bio-based chemicals (except for lipid-based) are often 

oxygen-rich, contain alcohols, ethers, ketones, and carboxylic acids, making them more 

hydrophilic than their petrochemical counterparts. Examples include lignin oligomers as 

substitutes for bisphenol A (Ferrini et al. 2017) in epoxy resins (Zhen et al. 2021), and 

polycarbonates (Koelewijn et al. 2017) or polyol in polyurethane (Pan and Saddler 2013). 

Generally, the bio-based (plastic) materials have inferior material properties compared to 

their petrochemical counterparts (Chung et al. 2013; Wang and Venditti 2015). However, 

these materials are still in their infancy in development, whereas materials based on 

petrochemicals have been optimized over the last hundred years for improved material 

properties (Rowan 2021). 
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It is important to keep exploring new bio-based materials as potential substitutes 

for petrochemical materials. From glucose it is possible to access glycolaldehyde (GA), a 

C2-aldehyde building block, by retro-aldol reactions through thermal cracking (Luebben 

and Raebiger 2015; Schandel et al. 2020). The authors propose that GA holds the potential 

to substitute for other petrochemical aldehydes (Faveere et al. 2019), specifically 

formaldehyde. 

Formaldehyde is a petrochemical aldehyde and used in the production of different 

resins, e.g., urea-formaldehyde (UF), phenol-formaldehyde, and poly(oxomethylene) 

(POM). The resin UF is produced in large amounts (approximately 12 m tons annually, 

Mordor Intelligence 2020). It accounts for > 40% of the global formaldehyde consumption 

(Zhang 2018). Furthermore, the formaldehyde content in the resin is high (in the range 40 

to 60 wt%), which increases the impact of formaldehyde substitution. Herein, the authors 

explore the possibility of substituting formaldehyde with GA in UF resins (Fig. 1). 

 

 
 
Fig. 1. Formaldehyde (based on fossil resources) is currently used in various adhesives for wood-
based construction materials that suffer from emission of free formaldehyde. Through substitution 
of formaldehyde with GA (bio-based) the emission is decreased due to the lowered vapor 
pressure of GA. 

 

Urea formaldehyde is a widely used wood adhesive in the production of particle 

boards, wood panels, and medium-density fiberboards (MDF). Its popularity stems from 

its reactivity window being compatible with biomaterials (temperature window for curing), 

formulation in aqueous dispersions, reasonable strength for many product classes, and low 

price. In contrast, the disadvantages include its low water resistance compared to other 

wood adhesives (e.g., phenol and melamine-based adhesives) (Dunky 1998) and the 

general employment of formaldehyde, a known carcinogen. Specifically, the emission of 

formaldehyde from the final wood product is a challenge for indoor use (Myers 1983; 

Böhm et al. 2012). Although the toxicity of GA is yet undetermined, its vapor pressure is 

much lower (Petitjean et al. 2010) than the vapor pressure of free formaldehyde, which is 
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a gas at room temperature, thus making GA a preferable substitute by decreasing exposure 

through emission. 

 In recent decades, different approaches have been tested to reduce the emission of 

formaldehyde from formaldehyde-containing wood adhesives. Reductions can be achieved 

either by addition of formaldehyde scavengers that chemically bind free released 

formaldehyde (Costa et al. 2013) or through substitution of formaldehyde with other 

aldehydes to reduce the total amount of formaldehyde used in production. Examples 

include partial substitution with furfural (Zhang et al. 2014) and 5-hydroxymethylfurfural 

(HMF) (Esmaeili et al. 2017). However, these resins suffer from longer press times and 

high press temperatures for curing of the resin because of the decreased reactivity of these 

bio-based aldehydes (180 °C for HMF-substituted and 130 °C for furfural-substituted). The 

authors anticipate that GA may have higher reactivity than these aldehydes because of its 

smaller size and the neighboring heteroatom increasing electrophilicity of the aldehyde 

(Anh et al. 1973), and thus, hopefully milder curing conditions required. GA already is 

known to have a very high degree of hydration when dissolved in water (Kua et al. 2013) 

indicating a high reactivity, but not to the same degree as formaldehyde (Winkelman et al. 

2002). Hopefully, the size and anticipated reactivity will allow GA to be a close substitute 

for formaldehyde in terms of curing conditions and properties of the cured resin. To our 

knowledge, this is the first example of a complete substitution of formaldehyde with a bio-

based aldehyde in urea-based wood adhesives. 

 
 
EXPERIMENTAL 
 
Materials 

Aluminum trichloride, urea, and sodium hydroxide were purchased from Merck 

Group (Darmstadt, Germany). Formaldehyde (37 wt% aqueous), ammonium chloride, 

ammonium sulfate, ammonium nitrate, ammonium phosphate dibasic, acetonitrile, and 2,5-

dihydroxybenzoic acid were purchased from Th. Geyer GmbH & Co. KG (Renningen, 

Germany). Glycolaldehyde (as glycolaldehyde dimer, > 99% purity) was produced by 

Haldor Topsøe A/S (Kongens Lyngby, Denmark) via thermal cracking of glucose syrup. 

All chemicals were used as received. 

 

Methods 
The pH measurements were performed using a FisherbrandTM AccumetTM AB200 

benchtop pH/conductivity meter (Thermo Fisher Scientific, Waltham, MA, USA), and 

bond strengths were measured using a TA.XTplusC texture analyser (Stable Micro 

Systems, Godalming, England) with a 50 kg load cell for tensile strength analysis. All tests 

were performed as triplicates, and data are reported as average values with related standard 

deviations. 

Usually, urea-formaldehyde resins are prepared by the “alkaline-acid” method 

(Ferra et al. 2012) or “alkaline-acid-alkaline” method (Zhang et al. 2013) to increase the 

pot-life of the resin and ensure formation of pre-polymer species (Ormondroyd 2015). 

However, since GA is prone to undergo aldol reaction under alkaline conditions (Barsøe 

2021), the resins were prepared under acidic conditions and used directly without any 

subsequent storage and later use. 

For 1-component systems, resins were produced by dissolving urea (1.0 eq) in 

deionized water (dependent on water content) followed by addition glycolaldehyde (1.1 to 
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1.5 eq). The mixture was stirred at room temperature until all material had dissolved to 

produce the prepolymer mixture as a viscous transparent liquid. Hardener (NH4Cl, 2 wt%) 

was weighed into a vial, and the prepolymer mixture was added and shaken until the 

hardener had dissolved to produce the resin mixture for curing. 

For 2-component systems, resins were produced by dissolving urea (1.0 eq) in 

deionized water (30 wt%) followed by addition of 37 wt% formaldehyde (1.3 eq) or 

glycolaldehyde (1.3 eq), whereafter pH was adjusted to pH = 8.0 using 0.1 M NaOH to 

produce the prepolymer mixtures. Hardeners were dissolved in deionized water with 

concentration of 30 wt% (heat may be necessary for dissolution). A total of 5 parts (v/v) of 

the prepolymer mixture were mixed with 1 part (v/v) of the hardener to produce the resin 

mixture for curing. 

Urea-glycol-aldehyde-formaldehyde (UGAF) resin was produced as the 2-

component systems, however, with addition of GA before addition of formaldehyde. It 

should be noted that the water in the formaldehyde solution contributed to the water content 

in the resin, which was compensated for by using less water when mixing urea and 

glycolaldehyde, thus keeping the total water content constant at 30 wt%. A total of 20 µL 

resin was added to wooden beech sticks (length = 15 cm, thickness = 0.2 cm, width = 2.0 

cm, rounded ends) and another wooden beech stick placed on top. The resin was cured in 

a preheated oven with an aluminum cylinder (diameter = 2.0 cm, height = 1.5 cm) and a 5 

kg iron weight was placed on top of the sample to give a pressure of 0.156 N/mm2. The 

climate chamber used was a 10-L plastic bucket into which a beaker with 50 mL deionized 

water was placed. A Bosch BME280 humidity sensor (Bosch, Gerlingen, Germany) was 

used to monitor and ensure a constant relative humidity (RH) of 65% for over 1 month. 

For characterization, resin was cured (500 mg) for 20 min at 100 °C in an aluminum 

container. Infrared (IR) spectra were recorded using an Agilent 4500a attenuated total 

reflectance-Fourier transform infrared (ATR-FTIR) spectrometer (Agilent Technologies, 

Santa Clara, CA, USA). Matrix-assisted laser desorption/ionization (MALDI) spectra were 

recorded using a Bruker Autoflex maX (Bruker, Billerica, MA, USA) in reflector positive 

ion mode. Samples were dissolved in water (10 mg/mL) and mixed in equal amounts with 

matrix solution. The matrix was prepared by dissolving 2,5-dihydroxybenzoic acid (DHB) 

in acetonitrile (20 mg/mL) followed by dilution with an equal volume 0.2 M NaCl to give 

a final concentration of 10 mg/mL DHB and 0.1 M NaCl. A total volume of 1.5 µL was 

applied to the MALDI plate. The m/z-values were calculated using Eq. 1,  

m/z = M(Na+) + M(avg(urea, GA)) × #units + M(water) × #water   (1) 

where M is the respective molecular weights (M(avg(urea, GA)) = 60.05), #units is the 

number of urea and GA units combined, and #water is the number of associated water 

molecules. Carbon-13 nuclear magnetic resonance (13C NMR) spectra were recorded at 

101 MHz on a Bruker BioSpin GmbH AscendTM 400 (Bruker, Billerica, MA, USA) and 

were calibrated using urea as spiked internal standard (162.50 ppm). For sample 

preparation, cured resin (500 mg) was dissolved in deionized water (0.50 mL) transferred 

to an NMR tube. 
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RESULTS AND DISCUSSION 
 
1-Component System: Initial Parameter Screening 

The study was initiated with screening of relevant parameters for curing the urea-

glycolaldehyde (UGA) resin, i.e., determination of the effects from curing time, 

temperature, U/GA-ratio, and water content. The influence of the parameters was evaluated 

by bond strength determination and visual appearance of the fracture surface of the wood. 

In these initial tests, the resin is mixed as a 1-component adhesive (mixing of UGA and 

curing agent), without pH adjustment. The pot life of the uncured resin was more than 1 

week, whereafter all samples began turning yellow.  

 
Fig. 2. Optimization of parameters affecting the strength of the UGA-resin: (a) screening the 
effect of different water contents in the resin when curing at 100 °C using a U/GA-ratio of 1/1.3; 
water content of 30 wt% gave the highest strength; (b) screening the effect of different U/GA-
ratios in the resin when curing at 100 °C and a water content of 30 wt%; a U/GA-ratio of 1/1.3 
gave the highest strength; (c) screening the effect of different curing temperatures while having a 
water content of 30 wt% and 1.3 eq GA to urea; curing temperature of 100 °C for 10 min gave the 
highest strength 
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Initially, a U/GA-ratio of 1/1.3 was chosen for testing the effect of the water content 

in the resin and curing at 100 °C. The minimum required water content to keep the resin 

liquid at room temperature was 30 wt%. It is clear that the water content strongly affected 

the strength of the cured resin (Fig. 2a): a lesser amount of water used resulted in a higher 

strength, i.e., more resin equaled higher strength. Afterwards different U/GA-ratio were 

screened (Fig. 2b), and 1.3 eq GA showed the highest strength of the resin. This was likely 

a compromise between GA lost during curing (via thermal decomposition), flexibility, and 

amount of end groups, all of which increase with increasing amounts of GA. Furthermore, 

with increasing amounts of GA, the crosslinking density is expected to be lowered. Lastly, 

different curing temperatures were screened (Fig. 2c), and 100 °C was the optimal 

temperature, giving a bond strength of 1.36 MPa after curing for 10 min. At lower 

temperatures, the resin did not cure to completion, and at higher temperatures the GA likely 

underwent decomposition. 

This also fits the visual appearance of the fracture surfaces (Fig. 3), where brown 

color evolution was observed when increasing curing temperature and time. This is not 

surprising, as GA is the retro-aldol product of glucose (Fig. 4a) and can perform aldol 

reactions giving carbohydrates (Fig. 4c) (Omran et al. 2020). These can undergo 

caramelization reactions upon heating (Woo et al. 2015) and thus formation of brown 

byproducts, which the nitrogen from urea may further catalyze through Maillard reactions 

(Maillard 1912). It was observed that curing temperature had a much larger effect on color 

formation than the curing time.  

 

 
 

Fig. 3. An overview of the fracture surfaces after curing at different temperatures for different 
durations. It was observed that color evolution depends largely on the curing temperature and to 
a lesser extent the curing time. 
 

In summary, the resin appears to be sensitive towards changes in water content and 

curing temperature. Furthermore, different competing reactions (Fig. 4b-c) may be 

operating during heating giving rise to brown color formation and decreased strength of 

the resin. The highest observed tensile strength is likely an optimal balance between these 

reactions. 
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Fig. 4. Different reactions with glycolaldehyde: (a) heating of glucose to produce glycolaldehyde 
through retro aldol reaction, (b) reaction between urea and glycolaldehyde to give a urea-methylol 
intermediate followed curing to a resin upon heating, (c) side reaction of glycolaldehyde through 
aldol reaction to produce C4 and larger carbohydrates, which eventually caramelize during 
extended heating  
 
 
 

2-Component Systems 

The next step of the study was to compare the performance of the UGA-resin to a 

reference UF-resin. Because UF-resins are formulated as 2-component systems, the UGA-

resin had to be formulated in a similar manner to compare the resins.  

The UGA was prepared with 30 wt% water without hardener, and pH was adjusted 

to pH = 8 for this mixture. The pH of the solution was however not stable, and 24 h later, 

it dropped to pH = 5.5. This indicated that the aldehyde had undergone a base-catalyzed 

Cannizaro reaction (Haas et al. 2020) or oxidation from oxygen, yielding glycolic acid 

responsible for the pH change. When preparing UF resins, this step is usually performed 

to ensure prepolymer formation (urea-methylol species) and extend the pot-life because the 

UF resin cures rapidly at room temperature under acidic conditions and curing is inhibited 

under alkaline conditions (Sun et al. 2014).  

It was observed that the UF-resin had a 3.2 times higher strength than UGA. 

Furthermore, the strength of UGA as a 2-component system decreased compared to the 1-

component system. However, this can be explained by the addition of water added from 

the hardener mix giving a final water content of 37 wt% before curing. The results fit with 

data from the 1-component system giving lower bond strengths than UGA with 40 wt% 

water and higher than UGA with 30 wt% water.  

 

Table 1. Initial Results and Comparison of 2-Component Systems Using NH4Cl 
as Hardener  

Resin UF UGA UGA UGA 

Curing time (min) 5  5  10  20  

Bond strength (MPa) 3.02 ± 0.23 0.58 ± 0.13 0.72 ± 0.06 0.61 ± 0.08 

Samples were cured at 100 °C 
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Until now, the commonly used hardener NH4Cl has been used for curing the resin. 

Because this is a new resin, other hardeners may give higher bond strengths. Therefore, the 

authors screened different inorganic acidic salts to see how they affect the bond strength. 

The pH was also measured after mixing the hardener and UGA to see if any correlations 

between pH and bond strength existed (Fig. 5). 

 

 
Fig. 5. Strength of 2-component UGA-resin cured with different hardeners shown against pH of 
the mixtures before curing (samples were cured for 10 min at 100 °C) 

 

As the data suggest, there were no immediate correlations between pH of the 

solution and the resulting bond strength after curing. It was observed that NH4Cl gave the 

lowest bond strength. When switched to AlCl3 or NH4NO3, an 80% increase in bond 

strength was observed. The large variation between the different ammonium salts implies 

that the counterion has an important but unknown effect. Furthermore, AlCl3 may act as a 

Lewis acid towards GA activation or bind water through complexation, thereby 

encouraging other curing mechanisms than for ammonium salts. It should be noted that it 

if hardener is left out from the formulation, the UGA-resin gave no adhesion between the 

wood samples. 

Water resistance of the cured UGA-resin (with NH4Cl as hardener) was also tested 

by storing six samples in a climate chamber for 30 days at 20 °C and 65% RH. Of these 

samples, only one was intact for bond strength analysis, resulting in a bond strength of 0.54 

MPa. The other five samples broke before or when trying to place the samples in the tensile 

strength analyzer. This indicates that the resin was hydrophilic and had little to no water 

resistance. Notably, these conditions are the minimum requirements for service class 1 

adhesives to be used under dry conditions (cf. EN 1995-1-1 (2004). 

 

Characterization of the UGA-resin 
To monitor the curing process and specifically formation of the desired aminal 

bonds in the resin, IR spectroscopy was performed in combination with 13C NMR 

spectroscopy and MALDI mass spectrometry. Results from IR spectroscopy of the UGA 

resin before and after curing (Fig. 6) showed the greatest changes in vibrations related to 

the urea functional group. Before curing Amide I (C=O stretch, 1632 cm-1) and Amide II 

(N-H bend, 1538 cm-1) had similar peak intensities. After curing, the intensity of Amide II 

had decreased noticeably compared to Amide I, indicating loss of N-H groups through 
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reaction at urea-N during curing. Furthermore, a series of peaks in the range 1500 to 1400 

cm-1 appeared, which may be assigned to aminal formation (Pavia et al. 2015; Dey et al. 

2019).  

 

  
 

Fig. 6. IR spectra of uncured UGA without addition of NH4Cl (dashed line) and UGA cured for 20 
min at 100 °C with addition of NH4Cl (bold line)  

 

The 13C NMR spectra were recorded (Fig. 7a through 7i) to identify the carbon 

atoms present in the resin. The chemical shifts can be related to different chemical groups 

bound to carbon and thus different chemical bonds (Table 2).  

 

Table 2. Overview of Chemical Bonds in UF and UGA Resins and the Expected 
Range of 13C NMR Chemical Shifts. 

Bond Chemical Shift Range (13C NMR) (ppm) 

Aminal 45 to 60 

Hemiaminal 60 to 70 

Alcohols (alpha to carbonyl) 60 to 70 

Ethers (alpha to carbonyl) 65 to 75 

Urons 70 to 80 

Hemiacetals 85 to 95 

Acetals 85 to 105 

 

For the uncured UGA-resin, various peaks were observed (Fig. 7c) in the region 

from 50 to 105 ppm corresponding to various aliphatic carbons with heteroatoms bound. 

These signals belong to different isomers of glycolaldehyde hydrates and dimers (Kua et 

al. 2013) as well as UGA adducts (hemiaminals). Three peaks around 160 ppm (Fig. 7b) 

were observed corresponding to free urea (162.50 ppm) and urea with 1 and 2 substitutions 

fitting with prepolymer formation (hemiaminal formation from reaction between urea-N 

and the aldehyde of glycolaldehyde). The aldehyde peak at 204.49 ppm suggests that some 

unreacted glycolaldehyde was still present in the solution (Collins and George 1971). 

Upon curing for 20 min without addition of hardener, a few changes were observed 

in the region for aliphatic carbon atoms (Fig. 7f). Importantly, the aldehyde peak at 204.49 
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ppm was lost, indicating that reactions with the aldehyde occurred. However, the remaining 

part of the spectra were close to identical when hardener was omitted. 

With addition of hardener (2 wt% NH4Cl), the spectrum changes (Fig. 7g) 

compared to curing without hardener. The area around 160 ppm (Fig. 7h) contains wide 

peaks corresponding to many different substituted urea-species. A shift to lower values 

(156 to 158 ppm) indicated tri- and tetra-substitution of urea along with uron formation 

(Park et al. 2008). The most important changes were observed for the aliphatic carbons 

(Fig 6i). Acetals and hemiacetals (85 to 105 ppm) were completely lost and a new group 

of peaks in the range 50 to 58 ppm appeared corresponding to the desired aminal peaks. 

Furthermore, the number of peaks increased noticeably, indicating an inhomogeneous 

structure with many similar chemical groups that is characteristic for thermoset polymers 

(Schäfer et al. 2020). 

Therefore, the hardener was essential for curing the resin. When hardener was left 

out of the resin, it was not possible to measure the bond strength, as the samples broke 

before it could be measured (data not shown), indicating that the aminal network was 

correlated to crosslinking, giving the resin its strength.  

 

 
 

Fig. 7. 13C NMR spectra of UGA: (a) through (c) uncured UGA without addition of NH4Cl, (d) 
through (f) UGA cured for 20 min at 100 °C without addition of NH4Cl, (g) through (i) UGA cured 
for 20 min at 100 °C with addition of NH4Cl 

 

No peaks were observed corresponding to carbon with unsaturation. Because the 

resin became colored, it would be expected that the color was attributed to unsaturated 

compounds. Therefore, the colored compounds must only be present in low concentrations 

and thus not detectable by 13C NMR.  

It is important to note that the cured resin was completely soluble in water, which 

was also the NMR solvent. In general, UF-resins and thermosets are insoluble in water, but 

the addition of the extra hydroxymethyl groups may be enough to give solubility, for this 
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urea-based resin. Furthermore, the bonds in cured UGA do not hydrolyze when dissolved, 

meaning that the actual cured material dissolved. This high aqueous solubility of the cured 

resin also fits the observation that the resin lost its bonding to wood when stored under 

65% RH for over 30 days. However, only few water-soluble thermosets are known, and it 

is unlikely that a highly crosslinked polymer readily dissolves in water.  

Therefore, MALDI mass spectrometry was performed to gain insight into the length 

of the polymer (Fig. 8). Urea and GA are close in mass (60.06 Da for urea, 60.05 for GA) 

and are only distinguishable with high resolution mass spectrometry techniques. Thus, it is 

only possible to assign the total number of units (urea and GA combined) comprised in the 

oligomers with MALDI. The observed oligomers spanned a range from dimers to 12-mers 

with a varying number of water molecules associated with the ionization and detection 

process. Notably, up to 7 water molecules were found associated with a dimer (m/z = 

268.8), thus exceeding the possible number of covalently bound water molecules through, 

e.g., hydration of GA, and must therefore be non-covalently associated. As observed, the 

number of associated water molecules decreased with increasing oligomer length, 

indicating the desired condensation between urea and GA with release of water upon 

formation of the aminal bond. However, the highest observed m/z-value corresponded to a 

12-mer, meaning that the polymerization did not run to completion. As discussed earlier, 

increasing the reaction time further decreases bond strength of the final resin (Fig. 2), thus 

indicating the inability to form longer polymers when curing the resin under the applied 

conditions, possibly because of side reactions (Fig. 4c) or simply too low reactivity of the 

components.  

 

 
 

Fig. 8. MALDI spectrum of cured UGA-resin (cured at 100 °C with NH4Cl for 20 min); the peaks 
were assigned with the total number of units in the oligomer and assignment of each peak is 
further elaborated in the table. 
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It is necessary to have a sufficiently high reactivity of unreacted monomers during 

polymerization, as the concentration of monomers decrease with increasing polymer 

length. The lower reactivity of GA compared to formaldehyde may be a reason for the 

observation of shorter oligomers in contrast to MALDI analysis of UF, where masses were 

observed in the range of 1000 to 5000 Da (Gavrilović-Grmuša et al. 2010; Jeong and Park 

2019).  

 

UGAF Resin 
A last series of experiments was performed to observe the effect of mixing 

formaldehyde with glycolaldehyde to a urea-glycolaldehyde-formaldehyde resin and to 

gain insight into reactivity differences between GA and formaldehyde. Here the amount of 

formaldehyde in the resin was increased while keeping the total molar aldehyde content 

constant (Fig. 9a and 9b).  

 

  
 

Fig. 9. Results from formaldehyde substitution in UGA: (a) bond strength of cured UGAF resin 

with increasing the formaldehyde content. The resin was cured at 100 °C for 10 min with 2 wt% 
NH4Cl. The (molar) aldehyde content was kept constant at 1.3 eq to urea. (b) Pictures of UGAF 
resins with increasing formaldehyde content after storing 1 week at room temperature (without 
addition of NH4Cl). Resin containing 10% CH2O formed a transparent viscous liquid, while 30% 
CH2O and 50% CH2O gave a white cloudy gel, and 70% CH2O and 90% CH2O yielded hard solid 
that looked like white plastic. 

 

It was noteworthy that the addition of up to 50% formaldehyde only increased the 

bond strength by 0.3 MPa and the subsequent addition (> 50%) of formaldehyde had a 

larger effect on the bond strength. It appears that two different regions exist: ≤ 50% 

formaldehyde and >50% formaldehyde content (Fig. 9a). With ≤ 50% formaldehyde it did 

not contribute to increasing the strength; however, the solutions turned cloudy white after 
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1 week but had properties as soft gels (Fig. 9b). This is likely due to the formation of UF-

oligomers that are insoluble in water (Ormondroyd 2015) because formaldehyde is more 

reactive than GA and therefore condenses first with urea. Bond strength may therefore be 

dependent on GA crosslinking the UF-oligomers during curing in this region. In the > 50% 

region, formaldehyde may be able to crosslink UF-oligomers during curing, thus resulting 

in a substantial increase in bond strength when adding more formaldehyde, being able to 

crosslink the oligomers. From this it appears that formaldehyde delivers a strong crosslink 

giving the resin its strength, whereas GA has a crosslink with lower strength, either from 

lowered crosslink density or as a result of poorer mechanical properties when incorporating 

GA into the polymer. As observed earlier, this reflects the different reactivities of the two 

aldehydes, whereby the more reactive aldehyde gives a higher bonder strength. 

In perspective, the differences between UGA and UF resembled those between 

POM and poly(ethyleneglycol) (PEG), which are similar in chemical structures but have 

different material properties: POM is a hard, water-insoluble plastic and PEG is a water-

miscible liquid. In this manner, UF resembles POM and UGA resembles PEG, where these 

differences emerge through the addition of an extra hydroxymethyl group to UF. 

This report serves as an initial exploratory study for the use of GA in urea-based 

wood adhesives. Because UF resin is a highly optimized material and synthesis of UGA 

was based on specific UF synthesis protocols, it is not reasonable to compare and rate 

UGAs properties against those of UF. If given the same time for optimization as UF has 

been given, UGA materials with desirable properties for certain purposes may be obtained, 

but they are unlikely to resemble those of UF.  

 

 

CONCLUSIONS 
 

In this paper, glycolaldehyde (GA) was explored as a bio-based substitute for 

formaldehyde in urea-based wood adhesives with the following conclusions: 

1. The GA was able to react with urea through aminal bond formation giving a urea-

glycolaldehyde (UGA)-resin. The strength of the resin was highly dependent on the 

curing temperature, water content, and choice of hardener.  

2. The properties of UGA were not comparable to those of urea-formaldehyde (UF); UF 

has low pot-life and short curing times, whereas UGA has a long pot-life (> 1 week) 

and curing time (10 min) to achieve maximum bond strength, which is only 43% (when 

using AlCl3 as hardener) of the reference UF-resin. This reflects the reactivity of the 

two aldehydes: formaldehyde is a highly reactive electrophile, whereas GA is less 

reactive. Furthermore, GA adds hydrophilicity to the resin, thus decreasing its water 

resistance, whereas UF is usually a water-insoluble resin. The low bond strength and 

water solubility of UGA may be partly due to the incomplete polymerization of the 

resin and the hydroxyl group of GA, making it more hydrophilic than formaldehyde-

based adhesives. 

3. Thus, UGA is not a good direct substitute for UF, but its water solubility may be useful 

in other applications.  
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